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PRINCIPLES AND PROSPECTS FCR MICRO HEAT PIPES

T. P. Cotter

Los Alamos National Laboratory
P.0. Box 1663
Los Alamos, New Mexicc 87545

ABSTRACT/RESUME

The fabrication and purpuse of very small
wickless heat plpes are discussed. A theoretical
analysis of their performance characteristics
shows that they have nearly the heat transport
capability expected by scaling down from - onven-
tional heat pipes. They appear attractive for
applications calling for close temperature con-
trol, but having only modest cooling requirements.

KE YWORD)S Heat Pipes

l. INTRODUCTION

How small can a useful heat plpe be? The
present extremes in minfaturization of engincer.
ing systems are to be found In very large scale
Inteyrated electronic clrcuits and, as 3 cur-
rently emerqgina  development, in a variety of
micrumechanical devices. Some of these systenms
already preseant problems of effeactive heat dissi-
pation and lemperalure control Lhat will become
ever more challenging as the Inevitahle trends of
increased component density and more demanding
standards of precision and rellabilivy continue,
Owlinary macrascopic heat pipes have, of course,
alroddy hoen used for external cooling of a vari-
oty of electronic devices. This paper tells how
and why small heat plpes may serve as integral
Internal romonents in such systems to help solve
these thermal problems.

My objectives are simply to discuss some
Lasic principles of micrc heat pipe structure and
function, and to qive an elementary theory of
their general performance characteristics. No
schemes  for  specific 1implementations will be
offered, because the possibilities are so varied
and speculative, especially in view of uncertain-
ties in the future directions of the architec-
tures of microelectronic and micromechanical
devices.

I will first nropose a definition of micro
heat pipes and qive a description 1in general
terms of their application, structure and therma)
environment. [ will add a vcry brief account of
some proven techniques for fabrication of the
ohjects described. The static state of micro
heat pipes {is discussed in connection sith the
prohlem of controlling the amount of liquid in
the pipe. Then, following a formulation of the
hasic micro heat pipe flow problem in mathemati{-
cal terms, some assumptions are made to simplify
the problem, and an ipproximate general solution
Is ohtained. Fiually, from the discus.ion of
this solution, from some quantitative examples,
and hy comparisons with other possible technigurs
of thermal contrnl, the reader may gain a qeneral
appreciation of Lhe prospects for applications of
micru hrat pipes,

Commonly the diameter of a capillary pcre in
Lhe wick nf a heat pipe is much <maller than the
characteristic minimum dimension of the vapor
flow channel, The capillary pore is also smaller
than a typical dimension of the averall liquid
flow passaqe. (Some grooved heat plpes are
nea=ly exceptions to this latter ohsarvation).



In principle, one may imagine a conventional heat
pipe reduced in scale lineariy in all dimensions
to the point at which the capillary pores are but
marginally bigger than the molecules of the work-
ing fluid, but practical difficulties -* fabrica-
tion preclude the achievement of this ultimate in
minfaturization. The smallest achievable heat
pipe will have a total flow cross-sectional area
near the lower 1limit of fabricability, with no
conventional wick structure, but instead deriving
its capillary flow-inducing properties from a
noncircular cross section.

I define a micro heat pipe as one so small
that the mean curvature of the vapor-liquid
interface is necessarily comparable in magnitude
to the reciprocal of the lydraulic raiius of the
total flow chinnel. The configurations of inter-
est, under this definition, are channels of a few
centimeters long with a convex bhut cusped cross
section (as, for example, a polygon), having a
diameter in the range of about 10 to 500 ym,

11. APPLICATIONS, STRUCTURE AND FABRICATION OF

MICRO HEAT PIPES

Currently, bhoth microelectronic and micro-
mechanical devices are all formed on single crys-
tal silicon wafers. An excellent account of
methods of housing, conling, and {nterconnecting
the silicon chips bearing large scale inteqrated
circuits in digital computers has heen given by
B?odne:t.l While these circuits require cool-
ing, precise temperature cont-ni {s nant needed,
because they perform satisfactorily within the
nominal 'emparature range of 20 to nC°C. A
present these devices are assembled In well-spaced
planar darrays that permit {nterplanar access Lo
convent fonal cooling methods, with the requ!rement
therefore given on the hasis of surface arra,
Cooling by forced flow of air can handie a maxi-
mum heat flux of about 7 chm? of working chip,
For increased serial comput, tinnal spred Lhe trend
is toward ever higher chip density. nludautl‘
describes a modular planar packaaing el coeling
schome using conduction through metal o an array
of farced flow water channals that provides up tn
0 chm? of cooling at the chip surface. The
now emerying paralle! processine computationa)
technnlogias are ltkely Lo intensify the demand
for aver larger cooling cwpac'ty, with the expec-
tation. tha' Lhis must eventually be <pecifiod on

a volumetric basis.

Angell, Terry, ana Barcn’

qive an account
of how micromachining of silicon makes it possible
to build mechanical devices almost as small as
microelectronic ones. These include "..valves,
springs, mirrors, nozzles, connectars, printer
heads, circuit hoards, heat sinks and sensors for
properties such as force, pressure, acceleration
and chemical concentration. Even a devicz as
complex as a gas chromatngraph, an instrument for
identifying and measuring gases in an unknown
mixture, can be built on a dizk of sillcon a few
centimeters in diameter". While none of the de-
vices require appreciahle heat removal, the quan-
titative sensing devices may benefit from close
tempaerature contrnl in order to achleve accuracy
in a variabi» environment. Varinus microsensors
incorporating active microelectronic circuitry
for lozal siqnal processing are under development,
and these hybrid devices may noed hnth heat re-
moval and temperature control.

Tuckerman and Peasnl have  developed a
micromechanical heat sink on the back of an inte-
aqrited circuit silicon chip that can hindle power
dissipation of 1 K/en.
lel, subsurface 300- hy 50-um rectanqular chan-

It consists nf paral-

nels, with 100.ym interchannel spacing, conled hy
the forced circulation of water, While this
scheme achieves very hiqgh conling capacity, it
does not appear capable of providing qood temper-
ature uniformity over the area of the chip,

In order L~ .chieve a high standard of uni-
formity and control while simultanenusly provid-
ing suhstantial conling capacity, 1 propose the
usr of micro heat pipes. The ovaparator portion
of the micro herat pipe configquration would bhe
imbedded integrally tn the subsirate to he conled,
elther as an array of separate parallel pipes o=
in a system of hierarchical branching patterns,
The high thermal conductivity of silicon would
provide good thermal coupling of the subhslrate to
the pipec,. The condensor section of the micro
heat nipe configurat ion wauld be vmedistely ox-
tornal Lo the heat geperation vegqlon of the sub .
strate and would be cooled by close conduct fve
couling to a sultable qas or lquid forced con.
voctinon system,  The required longth, cross sec.
tional area, volum of working fluld and densily
of heat pipos will be detormined fointly hy the
heat load to be dissipated and the desired



uniformity of temperature. The control of Lhe
inventory of working fluid and its disposition
throughout the pipe channels are matters of some
importance, but discussion of these questions is
best deferred until the theory of the heat trans-
port capacity of micro heat pipes is developed
below.

An imprescive variety of techniques empioyed
in the the Fabrication of silicon micromechanical
devices is described in Ref. 2. Three of these
suffice to make micro heat pipe channels by tke
method now o he described.

The first procedure is the preparation of an
oxide mask on the surface of the silicon wafer
using photolithography. Here the entire surface
nf the chip 1s covered with an oxide layer by
heating in an atmoschere . steam; the oxide layer
is coated with a *hin layer of organic photore-
sist, which is then exposed *o ultraviolet radia-
tion through a photomask pattern of the heat pipe
channel layout; the surface is treated with sol-
vent Ln remove the unexposed photoresist; finally,
the oxide layer that is not covered by protecting
photoresist is removed by soluticn in hydroflu-
oric acid, and then the photoresist s stripped
off with sulfuric acld that does not attack the
axide or the silicen. The uwecond pracedure s
Lhe format fon of channels In Lhe surface using an
anisotropic etchanl that artacks the silicon at
openings e Lhe oxide laver,  Anisotropic etch-
ants are special acid mixtures that etch at dif.
Iorent rates in difteront directiony in the crys-
tal lattier,

shapes  with sharp edges  and  corners,  without

They can form well.defined cavity

undercutting the oxide mask, In particular,
channels of sharply defined triangular cross sec-
tion can b oblained, The final procedure con-
nists of onclocing the channels by tripping Lhe
oxide otf the surface and sraling the surfars nof
Lhe wafsr to a thin plate of Pyrex qlass hy anm)-
Wic homling, a4 spacial hot elecirgstatic process,

the micro hoat pipes will, of rourse, require
Fi1) tubes for loading with a measured amount of
wirking fluid, One mothod of fabrication of o
micre valve syitable for final closure of the
Feat plpes Is deserihed in dotall in Ref, ?,

T SYALIC BFHAVIOR AND CONTROL OF L TQUID Vo, UME
Av will be whown, the hoal transport capalov
if micre wat pipey doponds more critically on i

volume of working fluid available than do conven-
tional heat pipes with wicks. It is therefore
desirable either to loasd the pipe accurately
with nearly optimum amount of working fluid, or
to provide a measure of passive control of the
quantity of fluid in the pipe itself by providing
a suitable sump.

Before discussing this question, we recall
some properties of static capillary behavior of
liquid in a closed cavity. T will assume that
the Yauid wets the wall of the cavity and that
qravity is neglinible; that is, the maximum pres-
sure difference between two points in the 1iquid
is small compared to the difference in pressure
between ihe Viquid and vapor phases due to sur-
fiwce tension. At each point on the vapor-liquid
interface, the surface has two principal radii of
curvature, Pl and Rz. in planes at right angle
to one another and normal to the surface. The
mean radius of curvature, R, is given by

bdh m

If the swrface tension 1< ¢ and the pressiuras in

liquid aml vapor are P and P, resrectively,

then
r-v-PL.E. . (?)

When the -~ystem Is at rest, the mean radius of
curvature of the interfare therefyre will be the
same every.here,  As the cavity s filled with
liquid, R will srart small, with only corners and
qeooves  containing liquid, and will ‘hen pass
through a maximum value, i'ith the vanar there-
after located in a liquid-ent. 1osed bubhle with
diminishing R as the liquid more nearly filly the
entire cavity, The nosition of such a bubbhle in
the cavity, if not uniquely determined by capil-
lary force, will wp (ixed by qravity, howrver
small. The maximum value of the che mran radius
of cusvature v a useful capillary characteristic
dimensfon, deponding onlv on the sise and shape
of the cavity, Ac we shall sen, the opt imm vn!l.
ume fraction of Viquid s always 1r.3 than that



associated with the maximum mean capillary radius
of curvature.

A micro heat pipe can be accurately sup-
plied with 1iquid with the help of a microfiask
of just the desired volume. This is to be con-
nected to the pipe cavity through a low volume
on-off microvalve, and similarly to a liquid
reservoir and to a vacuum line. The microflask
should have a maximum mean capillary radius of
curvature that is large compared to that of the
micro heat pipe. The pipe and flask are first
evacvated and then closed from the vacuum line.
The flask s then filled completely from the
reservoir and again 1s closed, Upon opening the
cmpty pipe to the full flask, the fluid automati-
cally flows to the micro heat pipe by capillary
action, after which the connecting valve is
closed.

The micro heat pipc may be provided with a
sump to allow some variation In the amount of
fluid in the pipe as the heat load varies. The
sump 1s best placed at the terminal end of the
condenser section, and with respect to qravity,
below the entire heat pipe. The shape and size
of the sump cavity must he chosen with due consi-
deration of how the fluid will apportion {tself
between the pipe and the sunp. The sump hy {tself
should have a maximem mean capillary radius that
Is smaller than that of the pipe, otherwise the
pipe may flood by capillary t-ansfer of fluid to
it from the sump. [f, however, the ma:imum mean
capiary radlus of the sump {s ton small, this
may unduly deplete the heat pipe of working fluid,

IV.  THE STEADY STATF FIOW PROBLFM

In order to concentrate on the onc nssen-
tial new feature _hat must be understood in this
first disrussion of mlcro heat pipes, | will make
certain simplifying assumptions. The Inclusion
in the Lheory of a numoer ef the effects thus
elimtnated will  eventually bhe necessary when
amtual  evices are to be designed, but to assess
the general prospects for micro heat pipes these
presumably minor corrections me not regquired,
We suppose that Lhe hoat plpe Is very long con-
pared to 1ts maximum diameter, If the plpe is
not steabght, 1ot the radius of curvature of the
pipe axis be large compared to (ts diameter, or
If small anywhere, et such bends he concentrated
in a very small fraction of the total length of

the pipe. Let the vertical extent of the pipe ba
small compared to the height of capillary rise of
the working liquid. 1 assume that the shape and
area of the pipe cross section are specifie., and
if these are not constant along the pipe, let the
fractional change over an axijal distance equa) to
a pipe diameter be small. Assume that the local
axial heat transport is also specified, that this
varies but slowly along the pipe, and is constant
in time. Finally, assume that the vapor and lig-
uld are each essentially at constant temperature
and density.

With these assumptions the fluid moves as
in steady-state

incompressible gravity-free

parallel flow. The equation of motion of the

fluid is
2 ?
AW . 3w dP
11 + —-5 - . (“,)
(_;7 aY‘) &

The viscosity here is that for liquid or vapor as
appropriate, The pressures in liquid and vapor
are different, but each varies only with 2. The
Jdesired solution of Eq. (3) must satisfy certain
boundary conditions., At tha cavity wall we must
have w=l). Both the flow velocity and the tangen-
tial sheer stress musl. he continuous across the
Interface. The condition tn be satisfied on the
component of the force normal tn the iInterface is
Just Fq. (?). The interface hetween the vapor
and liquid will locally have the form of a sector
of a clrcular cylinder of radius, R, which varles
slowly with z. Since R(2z) is not Inown a priori,
we are faced with a novel free-surface prohlem,
For the present Jdicnussion, detaiied bhut neces-
sarily numerical solutions of the foreqolinag prob-
Ton: wonld be less instryctive than an approximate
qeneral solytion.

V. AN APPROXIMATE GFNFRAL SOLUTION

The vapor and liquid phases will be In coun-
tercurrent flow and the common velocity at their
interface will ordinarily he small compared to
the mean velocity nf either phase, | will assume
that the interface yelocity Is pero.  This Intro-
duces some orror byt greatly simplifies the prob-
lem, for it pormits the use of the scaling law

nw to be decived,



Consider the flow of fluid (either the liguid
or the vapor) satisfying €q. (3) in the interior
of a region of local cross-sectional area A, and
having we0 on its boundary. Transform to new

dimensionless variables x', y' and w' given by:

1/2 ,. 1/2 ,. _ _Adr _,
x =A% y = ATy W= - S 0z W (4)
Then w' satisfies
?
2_!% PO I A , (5)
ax' ay'

in a similarly shaped regicn of unit area, with
w'a0 along its boundary. Now the local mass flow
is

m o= pJ:IQ dxdy (6)

where the Integral Is taken over the area A.
llsing the transformation {(4) in the inteqrand of

(h) gives
?
o KoA" dP
== My d7 (7)

Hore the quantity K is defined by an integral
aver a shape of unit area,

K - nuJ:[w'dx'dy' . (R)

K is dimensienless, takes the value one for a
-recular dise, and {5 less than one for any nther
5hnpu.“ A short table of valuns of K from Ref.
A4 ts qiven in Table |,

The two equations oblained by rewrfting
Iq. (/) for the lquid and vapor cases rospec-
tively, together with Fq. (?), qive three squa-
tims  far the  daterminat fon  of Pv(r). pl(’)
and R(2). 1F Fq. (?) 1« difforontiated with res-
poct to 2, and Fg. (7Y then used 1o aliminate B

v
and P'. one abtalns

TABLF 1
SOME VALUES OF THE FLOW SHAPE FACTOR
Shape X
Circle 1.000
Regular hexagon 0.964
Square 0,883
Triangle, 60°-60°-60" 0.725
Triangle, 45°-45°-90° 0,656
Triangle, 30°-60°-90° 0.59/

BV, By, -

KVA.E Tk a? T@R

v L

In the steady state the local liquid and vapor
mass flows are equal in magnitude and propor-
tional to the local heat flux, so we can write

> [Oe

ﬁv(z) a - hL(z) -« = h(z/L) . (10)

The total »ipe cross section, A(z), being alven
we have

A(z) = A (2) + Al2) . (11)

It is useful to relate AL and R with a geomet-
rically determined dimensionless factor, A, by

7.7
A= R°RT . (1?)

Using Fas. (10), (11) and (12) In (9) ylelds the
following first order ordinary differential equa-
tion for R(2):

27
LI CUTCTTN N I SRS Y I E 1)
T ["v(“ R 'nna]

For a qeneral A(7), this equation would have
ta be intearated numerically, but If A {s con.
<tant, the equation s separable and Llherefore



immediately reducible to quadratures. The fac-
tors Kv and KL may depend on R. This depen-
dence can be found by solving Eq. (5) with the
shapes implied by the specific geometry, then
calculating Eq. (8).
the table above and as discussed in Ref. 5, sub-

However, as suggested 1in

stantial variations in shape of cross section
make only small changes in the magnitude of K.
The factor B8 may also depend on R. In a most
important case, however, when the interface men-
iscus is a concave, circular, cylindrical sector
intersecting at a fixed angle with two plane walls
meeting in a corne-, ‘hen g is a constant,

For A, KV' KL. and g all constant, the
solution of Eq. (13) depends only on two qroups
of parameters. We define dimensionless distance
along the pipe, ¢, and finterface radius of
curvature, ¢, by

twz/l d-aA'llzR . (14)

and dimensiionless kinematic visrcosity and heat
flux parameters by

K.Yy a..f)vLL 5)
- and  y = ---- ) !
: KWI— BanL—W?

Using Eqs. ()4) and (15), Eq. (12) reduces to the
aimensionless form,

?
g - '(()[_.__“.‘_. w t 1_] . (1m)
T (1 - ‘.)7 ‘:’

Upon separating the varlables and Integraling,
the solution of Tq. (16) can be written

W(t) = 6(din) - Gldin) (1)
where

¢
H(v) = J:) nt)de ()

¢ 47(1 - ¢7)%de -
G(d;a) = _%—_J_’__ . 1
“)ﬁm“(l-«)? (19)

The constant of integration, ‘o' is determined
implicitly from the known total amount of 1iquid
present in the heat pipe. The fraction, F, of

heat pipe volume occupied by liquid is

Ly ! :
F-%L oz - Li?(()dc ) (20)

This can be satisfied for given F only hy the
correct choice of ‘o in Fq. (17).

A family of curves of the function G(d;a) is
plotted in Fig. !. The variabie ¢ may take only
values in the {nterval, Oc#<cl, which are physi-
cally allowcd hy the shape of the heat pipe
cavity, and are ronsistent with unflooded heat
pipe hehavior. If the cavity has one or more
sharp corners, ¢ may approach zero, but ¢ may not
exceed a value, dm“. corresponding to the max-
imum mean capillary radius for the cavity, as
explained in Sect, 111,

~1
10 o1 1T 7T T e T

o
I
L
4
+
4+
+
q
S |
S 101
21 I
-
-
1-
e
+
4
"3 A U U I U T S G O O W e N
™1t

R L} ] L
01 02 03 04 03 06 027 0B 09 10
@
FIGURE 1 - Values of G(pa)



The maximum heat transport of a pipe 1s
attained for the laryeut constant value of y for
which Eq. (17) has a physically allowed solution
for all Octel. If ‘max
ding to the minimum mean radius of curvature of

is taken as correspon-

the cavity surface, this maximum, Ymax® is

- [6(9 - 66y a) 1K) (21)

Ymax maxs®)

For properly designed micro heat pipes, this ex-
pression is nearly independent of the details of
the geometry. We will have G(émax;q)
slightly smallier than G(1;a), and G(‘min;") only

slightly larger than zero. For the commin case of

only

a uniformly heated evapcrator, no adiabatic sec-
tion, and a uniformly cooled condenser, H{1)al/?2.
max = 26(15a).
for a in the range 5¢a<200, on2 finds that with
error not exceeding 10%, G(l;u‘::O.lﬁa'll?.

Then y In further simplification,

VI. PERFORMANCE CHARACTERISTICS

Using the approximations of the last para-
graph of Sect. V, and returning to the physical
quant ities of Fgq, (15), one obtains

; YRR AT -
max <\ T BeH{TY T q/ ﬁv L. :

The maximum heat transport for a conventional
heat pipe with a wick, nptimized in respect to
vick pore size and wi k cross-sectional area, was
derived in Ref. h. Fxrept for the numerical and
yeometric shape quantities in the first factor,
the rosult s {dentical with Fq, (??2). The second
factor In tq. (22) t5 *he well-known character.
tstic heat flux, which measures the quality of
the liquid as a heat pipe fluid. The *“ihrd Ffac-
tor depends on the kinemat ic viscosity ratin, and
varins mainly with the vapor density, Tie finad
factor indlcates that the maxiium heat flux Is
proportiondl to the cross-sectional aresr of the
plpe, and to the ratlo of its diametrr to Its
Innglh,  Using the results From Ref. 6, the ratio
at the mayimum heat lux of 1 wickless micro hoat
pipe Lo that of an optimlred heat plipe with
wick, éw' Iy

) e Kk \1/?
_max o.os;( - ") ) (23)
bw

All of this means that, aside from a simple
numerical factor and the extreme difference 1in
typical size, the design considerations for wick-
less micro heat pipes are essentially the same as
those for conventional wicking limited heat pipes.

As an illustrative case, consider a micro
heat pipe of equilateral trianquiar cross s¢.
filled with the optimum amount of methe
(CHJ0H), to operate at 50°C with a uniformly
heated evaporator and uniformly cooled condenser.
The derived properties for this case are given in
Table Il. The cross section of the varor space
varies from an equilateral triangle (XKa0.7275) at
the beginning of the evaporator to an inscribed
circle (Kal.n) at the end of the condenser; the
assumed tahbulated value is the simple average of
these. The liquid cross section Is of constant
shane (B=1.43), but the tabulated value of KL
is only a rouan estimate for this shape. The
maximum heat transport 1is obtained by filling 18%
of the volume of the pipe with liquid. Calcu-
lated from Fq. (17), the fraction of the cross
section occupled by liquid as a function of posi-
tion along the pipe is plotted in Fiq. 2,

if the trianqular pipe has a side of 0.02 cm
and a lenqth of 1 em, then using values from
Table 11 in fq. (?7) one finds O = 0.03 W.
For comparison, this is 40% of the value Ffor an
apt imized heat pipe with wick, as calculated from
Fa. (?3) usinqg representative wick parameters,
h=15 and «-0.5,

If placed closely in parallel on a surface,
micro heat pipes of this sire could provide a fow
watts per square centimeter of cooling. If {m-
hedded in a solid as a matrix of parallel pipes to

TARLF 11
DERIVE™ PROAFRTIFS OF AN FOUTLATFPAL TRIANGULAR
Mt THANOL MICRO HEAT PIPE AT S0°¢

P, « A0 mn Hq ¢ . - 0,63
\ ” max
vlhﬁ - 6.4 Mi/cm Kv - 0,86
‘Jl.""v - 1,07 K = 0.5
a < 2 H{1) = D.50
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Figure 2 - Liquid cross section fraction
versus distance along pipe.

the extont of, say 10% by volume, they could pro-
vide a few tens of watts per cubic centimeter of
Sect. I,
rates are recadily exceeded by fcrced convection

coolina. As cited in such cunling
systems.

l.ike heat plres of ardinary size, micro herat
plpes will exhibit an extremely small temperature
gradient even when working at nearly maximum heat
transport capacity. The capability to produce a
reqion of uniform temperature and Lo hald it con-
stant in timn In an enviranment of nonuniform and
thermal uniquely characteristic

varying Inad is

of two-phase heat transport systems. When there
\s. in adaltion, a particular yvequirement for a
Lhan  the

plpe may be the uniaue method of choire,

self-acting closed system, microhnat

VII. CONCLUSION

The foregoing performance analysts ol wick-
loss micro heat pipes shaws that they are candi
dates for the thermal contral of micromechanical
and microelectronic devices In cases where thermal
modest, and where a standard of

loads arc high

tomperature constancy and uniformily are roquired,

®IAIDCET » AR <L ANXE D DOICrXITITOND T

2.

A

NOTATION

(Defining equation number aiven in parenthesis)

Cruss-sec livnal area

wick pore geometric factor

liquid volume fraction of wick
liquid volume fraction of pile (20)
interface curvature integral (19)
fraction of total heat transport (10)
inteqral of h (18)

flow shape factcr (R)

length of heat pipe

mass flow rate

pressure

heat flow rate

radius of curvature

z-component of velocity

y coordinates orthogonal to z and tn each other

coorrdinate measured along pipe axis
kinematic viscosity parameter (15)
heat transport parameter (15)

liquid geometric shape parameter (1?7)
dimensionless axial distance (14)
heat of vaporization

viscosity

kintmatic viscosity = u/o

density

surface tension

dimensionless radius of curvature (14)
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